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CONTROLLING AIRCRAFT VFG OVER
VOLTAGE UNDER FAULT OR LOAD-SHED

BACKGROUND

The present invention relates generally to electrical gen-
erators, and more particularly, the present invention relates
to an apparatus and method for controlling aircrait VFG
over-voltage under fault or load-shed.

Power electronics play a significant role 1n the modern
aircraft and spacecrait industry. Generators can be used to
convert mechanical energy into electrical energy to provide
clectrical power to various systems. Fixed frequency gen-
erators and variable frequency generators (VFG) can be used
to provide power to the aircrait. The output power of the
VFG 1s a function of the rotational speed of the generator
and the connected load. A constant output voltage must be
supplied by the generator in order to be usable by the
aircrait’s electronics. The size of the components of elec-
tronics determines the high voltage capacity and maximum
level capability of the power system. Systems can be
designed to withstand faults and over-voltages that can
OCCUL.

BRIEF DESCRIPTION

An embodiment includes a system for controlling aircraift
VFG over-voltage under fault or load-shed. The system
includes a control unit for generating signals to maintain a
terminal output voltage and frequency, and a variable fre-
quency generator, coupled to the control unit, for generating
the terminal output voltage. The vanable frequency genera-
tor includes a stator having a set of primary stator windings
and a set of secondary stator windings for generating the
terminal output voltage, and a switch coupled to the set of
secondary stator windings, the switch 1s configured to oper-
ate at a threshold frequency of the VFG to regulate the
terminal output voltage by supplementing the terminal out-
put voltage produced by the set of primary stator windings
reducing the VFG fault over-voltage.

Another embodiment includes a method for controlling
aircraft VFG over-voltage under fault or load-shed. The
method includes generating signals, by a control unit, to
maintain a terminal output voltage and frequency of the
VFG, and generating, by the VFG, the terminal output
voltage. The VFG 1ncludes a stator having a set of primary
stator windings and a set of secondary stator windings for
generating the terminal output voltage. The method includes
operating a switch coupled to the set of secondary stator
windings, the switch being configured to operate at a thresh-
old frequency of the VFG, to regulate the terminal output
voltage by supplementing the terminal output voltage pro-
duced by the set of primary stator windings reducing the
VFG fault over-voltage.

BRIEF DESCRIPTION OF THE DRAWINGS

The subject matter which 1s regarded as the present
disclosure 1s particularly pointed out and distinctly claimed
in the claims at the conclusion of the specification. The
foregoing and other features, and advantages of the present
disclosure are apparent from the following detailed descrip-
tion taken in conjunction with the accompanying drawings
in which:

FI1G. 1 illustrates a system for controlling aircraft variable
frequency generator VFG over-voltage under fault or load-

shed;
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FIGS. 2A and 2B 1llustrate a model for controlling aircraift
VFG over-voltage under fault or load-shed;

FIGS. 3, 4, 5, and 6 1illustrate phasor diagrams for con-
trolling aircrait VFG over-voltage under fault or load-shed;

FIGS. 7A and 7B 1llustrate a configuration for controlling
aircraft VFG over-voltage under fault or load-shed;

FIGS. 8A, 8B, 8C, and 8D illustrate various switch types
for controlling aircraft VFG over-voltage under fault or
load-shed; and

FIGS. 9A and 9B illustrate a graph for controlling aircraift
VFG over-voltage under fault or load-shed.

DETAILED DESCRIPTION

A prior art generating system including a variable Fre-
quency generator (VFG) controlled by a generator control
unit (GCU) for generating variable frequency constant volt-
age power for driving aircraft loads. Large portion of the
VFG loads are electronic type of loads.

In the cases of fixed frequency generators, the generator
generates relatively moderate over-voltages under fault.
However, 1n cases using VFGs, the varying speed aflects the
frequency of the terminal output voltage, which 1 turn
aflects the output voltage level.

A generator produces internal electromotive force (emi) E
that 1s continuously regulated by a GCU to maintain a
constant terminal voltage V. Under a no-load condition, E=V
because voltage drop over synchronous reactance (that 1s,
the total eflects of the stator winding reactance and armature
reactance) 1s zero. Under load conditions, when load current
1s not zero, and hence the reactance drop 1s not zero, the emf
E 1s increased automatically by the GCU to compensate for
the voltage drop so that the terminal voltage can be main-
tamned. For a generator designed for a fixed 400 Hz fre-
quency, the stator core size and windings can be selected to
limit the ability of the generator to produce an emf E higher
than the permissible maximum voltage limit of the electrical
system 1t powers.

For generators designed to operate over a frequency range
different challenges are presented. Due to higher synchro-
nous reactance voltage drops, a higher internal em{ 1s needed
(as 1llustrated mn FIG. § and FIG. 6) to maintain fixed
terminal output voltage at higher frequencies. The risk of
higher over-voltage faults can realized at higher frequencies
when compared to operating at low or minimum frequency
of the system.

Issues can arise when a load on the generator 1s suddenly
reduced or removed. This 1ssue can be compounded when
used 1 conjunction with a variable speed generator. Such
generators produce an output from the main stator windings
over a wide frequency range (for example, 400 Hertz (Hz)
to 800 Hz). The generator 1s designed to provide the desired
regulated voltage for a full load at the lower end of the
frequency range and therefore has a much higher output
voltage capability at the higher end of the frequency range.

When the load 1s suddenly reduced or removed, the
generator terminal output voltage rises to a level close to the
internal emf or E 1f the generator core 1s not saturated. At
higher frequency (FIG. 5) the internal emf E can be signifi-
cantly higher than that at low frequency (FIG. 4) therefore
the terminal voltage at fault can be much higher. This can
lead to transient over-voltages which are beyond permissible
levels and can cause damage to equipment supplied by the
generator.

In an embodiment, 1f the internal emf Ec 1s maintained
closer to a lower magnitude under all operating frequencies,
the fault voltage and fault current would be reduced to a
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similar corresponding level of those under fixed frequency
generator cases (for example, as illustrated by the dashed
lines 1 FIG. 6). The peak fault current seen by power
clectronic devices would be lower (the same as that 1n fixed
frequency generator) therefore component size and costs for
all line-replacement units 1 the power system can be
reduced.

The terminal output voltage of the generator can be
configured for various applications. In one or more embodi-
ments, aircrait applications can use 115 volts (V). As a load
1s placed on the terminals of the generator, the output voltage
will begin to drop. In an effort to maintain the output
voltage, the current of the rotor can be increased to com-
pensate for the reduced output voltage. This current can
boost the output voltage of the generator to 115 V.

In VFGs, at higher frequencies, the danger 1s realized at
the highest speed when the load 1s suddenly removed. The
spike 1n voltage becomes even higher when compared to
operating at the lowest speed. The connected equipment will
no longer be able to withstand the spike at the highest speed.
If the connected equipment 1s designed to saturate at a low
speed, the 1ssue becomes critical. This occurs because there
1s an excessive amount of current remaining 1n the field and
stator windings and cannot be removed fast enough to bring
the voltage down to avoid damage to the connected equip-
ment.

Using the technique described herein, the current supplied
to the main field and the operation of GCU 1s unaflected and
untapped with. Instead, a set of secondary stator windings of
smaller size with different equivalent wire gauge or number
of turns 1s used and these windings are switched by a set of
switches to ofiset the “armature reaction” eflects or the
ellective synchronous reactance of the stator windings. This
1s Hlustrated 1n FIG. 2A, FIG. 2B and dashed line 1n FIG. 6.
This allows for the output voltage of the generator to be
controlled, while reducing the risk of over-voltage.

In one or more embodiments, power electronic switches
connected to the VFG would have to be sized for peak
transient fault current (Epk/Ls). At 800 Hz this value can be
very high as explained.

Now reterring to FIG. 1 a stator 102 of a system 100 for
controlling aircrait VFG over-voltage under fault or load-
shed. The stator 102 of a VFG 1ncludes a set of primary
stator windings 104 and a set of secondary stator windings
106. The secondary stator windings are coupled to a switch
108 that 1s used to regulate the synchronous reactance
voltage drop (1Xs*1I) and the emt (E) of the generator. In one
or more embodiments, the switch can be a PWM controlled
insulated-gate bipolar transistor IGBT switch. In a different
embodiment, the switch can be other type of semiconductor
switches. The secondary stator windings 106 can be con-
trolled by a control unait.

In one or more embodiments, the VFG can operate
between 400 Hz and 800 Hz. Under normal operation, the
primary stator windings 104 will provide the emi needed for
operation. As the frequency of the VFG increases, the
secondary stator windings 106 will be switched to supple-
ment the emt generated by the primary stator windings 104.
In one or more embodiments, when the frequency exceeds
a configurable threshold, the secondary stator windings 106
will be switched to supplement the emi generated by the
primary stator windings 104. As the secondary stator wind-
ings 106 supplement the primary stator winding 104, the
primary stator windings 104 are no longer required to
produce as much emft at the higher frequency, thus reducing,
the risk of over-voltage. The secondary stator windings 106
are controlled by the switch 108. Current 1s injected 1nto the
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4

secondary stator windings 106, under the control of the
switch 108, to generate the voltage needed. If a fault 1s
detected, the switch 108 1s operated to prevent the flow of
current to the set of secondary windings 106 and the terminal
output voltage 1s maintained using the set of primary stator
windings.

In the event a fault or sudden removal of a load 1s detected
by the VFG, the switch 108 can control the secondary stator
windings 106 to stop generating the emi to supplement the
emi generated by the primary windings 104 by controlling
the amount of current supplied to the secondary stator
windings 106. This allows the VFG to quickly and efliciently
control the terminal output voltage using the secondary
stator windings 106 and switch 108.

In one or more embodiments, the switch 108 can be
controlled to increase emt generated by the secondary stator
windings 106 as the frequency increases to maintain the
output terminal voltage by 1injecting current into the second-
ary stator windings.

In one or more embodiments, a PWM switch 1s used and
the PWM duty cycle can be increased/decreased as the
frequency changes to regulate the reactance at the same
value at different frequencies. This configuration allows for
the internal emt to be maintained closer to a lower magni-
tude under all operating frequencies to etlectively reduce the
fault voltage and fault current. In one or more embodiments,
the separate set of secondary stator windings can be used to
regulate the synchronous reactance drop so that the total E
1s maintained at the substantially the same magnitude as that
under 400 Hz case.

In this case, there 1s another 3-phase winding that 1s used
to generate power. Inverters can be used to 1mject current into
the secondary 3-phase winding to control the supplemental
emi. An mverter can be used to control the current injected
into the secondary winding.

In one or more embodiments, the stator windings can
include various wire gauge sizes and the stator windings can
have a different number of turns. In one or more embodi-
ments, the primary stator windings of the stator uses a larger
wire gauge size than the secondary stator windings and the
secondary windings have a higher number of turns.

In a different embodiment, the system can be coupled with
a permanent magnet generator (PMG) to stop the PMG from
generating fault voltage and current, or regulate transient
taults.

In one or more embodiments, the generator can be
designed for a fixed frequency. That i1s the stator core size
and windings can be selected to achieve a desired perfor-
mance. In an embodiment, the generator can be designed for
a fixed 400 Hz frequency.

In one or more embodiments, power electronic switches
connected to the VFG can be sized for peak transient fault
current (Epk/Ls). At increased frequencies, e.g. 800 Hz, this
value can be very high as explained.

Retferring to FIG. 2A, a model 200A for controlling
aircralt VFG overload under over-voltage or load-shed 1is
provided. The model 200A provides a configuration for a set
of magnetically coupled stator windings (L.c and Ls) that can
be switched by the semiconductor switch SW. M represents
the magnetically coupled stator windings. In an embodi-
ment, the switch SW 1s a PWM controlled switch. The
synchronous reactance (1Xs*I) and emif (E) can be regulated
by using the set of windings that 1s PWM switched. FIG. 2B
provides an equivalent model 200B for FIG. 2A when the
coupled inductor 1s partially shorted by a PWM controlled
switch.
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Referring to FIG. 3, a phasor diagram 300 for controlling
aircraft over-voltage 1s shown. Under a no-load condition,
the mnternal emif E 1s equal to the terminal output voltage V
(E=V) because the voltage drop over synchronous reactance

B

1s zero. FI1G. 3 depicts the no-load condition as shown the E
vector and V vector (overlaid upon one another) are the
same magnitude and are 1n the same direction resulting 1n
the synchronous reactance (1Xs*I) 1s zero. However, as the
frequency of the VFG 1ncreases, the synchronous reactance
also 1ncreases. In turn, the emf E must be increased to
overcome the increase 1n the synchronous reactance drop to
maintain the terminal output voltage.

Now referring to FIG. 4, a phasor diagram 400 for 400 Hz
operation for a given VFG 1s shown. The example phasor
diagram 400 illustrates the terminal output voltage V, a
synchronous drop (1Xs*I), and an internal emf E generated
by the primary stator windings. Due to the load placed on the
output terminals of the VFG, a synchronous reactance 1is

realized.

Now referring to FIG. 5, a phasor diagram 500 for 800 Hz
operation for a given VFG 1s shown. The example phasor
diagram 500 illustrates the terminal output voltage V, a
synchronous voltage drop (31Xs*I), and an internal emf E
generated by the VFG. In thus example, as the frequency
increased from 400 Hz to 800 Hz the synchronous reactance
has also increases. The magnitude of (1Xs*I) has doubled
and the magnitude of the mternal emf E produced by the
primary stator windings 1s significantly larger to compensate
for the synchronous reactance voltage drop. As shown by
comparing the phasor diagrams of FIG. 4 and FIG. §, i1 the
load 1s suddenly removed from the system the overload
voltage at the higher frequency 1s likely to cause more
damage given the larger emtf E.

In this particular instance, there 1s a substantial amount of
current remaining in the rotor winding and 1s not removed or
discharged fast enough to avoid damaging the connected
equipment. Therefore, the disclosure provides a technique
for reducing the amount of current in the main field and
augmenting with a secondary stator winding that 1s con-
trolled by a switch to boost the voltage produced by the
primary stator windings. Eflicient control over the secondary
winding can be performed and can be switched quickly in
response to a fault detection or sudden load removal. In the
event a load 1s reduced or removed, the secondary stator
windings can stop supplementing the emf produced by the
primary stator windings and the output voltage can still be
maintained. In addition, the secondary stator windings can
be controlled to provide magnetic flux 1n whichever direc-
tion that 1t 1s needed by controlling the amount of current
injected into the secondary stator windings.

Referring now to FIG. 6, a phasor diagram 600 for
controlling aircrait VFG over voltage 1s shown. The VFG
includes primary stator windings in combination with the
secondary stator windings.

As the secondary stator windings are operating, less
exciter current 1s needed 1n the primary stators windings to
maintain the terminal output voltage, therefore reducing the
risk of over voltage and over current damage. In one or more
embodiments, the current 1s injected into the secondary
stator windings to create a phasor (3Xc*Ic) that 1s 180
degrees out of phase to 1Xs*I. The resultant Ec would be
closer to E at 400 Hz, the mimmimum frequency range. The
control of the magnitude for (Xc*Ic) can be open-loop 1n
nature. It can have a feed-forward style such as k*(1—400),
where k 1s a constant, 1 1s the VFG frequency, and 400 Hz

1s the reference frequency. The operation of the secondary
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stator windings reduces the electromotive force required
from the primary stator windings to maintain the needed
output terminal voltage.

FIG. 7A provides a configuration 700A for controlling
aircraft VFG over voltage. In this configuration, each sec-
ondary stator winding 106 can be coupled to an individual
switch for controlling each winding. In configuration 700A
the secondary stator windings are represented by inductors
704, where each inductor 1s coupled to a separate switch
702. In an embodiment, the switches are controlled by a
GCU which operates the switch 702 based on a PWM signal.
The synchronous reactance and emf of the VFG can be
regulated by a set of magnetically coupled stator windings
that are PWM switched with a semiconductor switch.

Now reterring to FIG. 7B, a different configuration 7008
for controlling aircrait VFG over-voltage 1s shown. In this
particular configuration, each of the secondary stator wind-
ings 106 1s coupled to a common or a single switch. The
configuration of 700B represents each winding of the sec-
ondary stator winding as an inductor 704, where each
inductor 704 1s coupled to a common switch 702. In an
embodiment, the switch 1s a PWM controlled switch being
controlled by a GCU to vary the PWM signal supplied to the
secondary stator windings.

Referring now to FIG. 8A, a first switch configuration
800A for controlling aircraitt VFG over-voltage 1s shown.
The first configuration 800A includes two transistors that are
coupled together in series that can be connected to each
individual winding of the secondary winding. FIG. 8B
provides a second configuration 800B for controlling aircraft
VFG over-voltage. The configuration 800B 1s similar to
800A however the position of the two transistors 1s reversed.
FIG. 8C provides a different configuration for controlling
aircraft VFG over-voltage.

Referring now to FIG. 8D, a configuration 800D for a
single common switch for controlling aircraft over-voltage
1s shown. The switch configuration 800D can be couple to
the secondary stator windings 106 as shown i FIG. 1.

Now referring to FIG. 9A, a graph 900A for controlling
VFG over-voltage 1s shown. Graph 900A provides the
equivalent stator synchronous inductance against the PWM
duty cycle. Three graphs are shown. The first graph 904
provides the result of the VFG operating at 400 Hz. A second
graph 906 provides the result of the VFG operating at 600
Hz. A third chart 908 provides the result of the VFG
operating at 800 Hz. As shown in the three graphs, as the
PWM duty increases the synchronous inductance of the
stator 1s reduced.

FIG. 9B illustrates a different graph 900B for controlling
VFG over-voltage. Graph 900B provides three diflerent
graphs of the equivalent stator reactance against the PWM
duty for operating the VFG at different frequencies. A first
graph 914 provides the operation of the VFG at 400 Hz. A
second graph 916 provides the result of the operation at 600
Hz. A third graph 918 provides the result of operatlon at 800
Hz. Graph 900B illustrates that as the frequency increases
the synchronous reactance increases for a given PWM duty
cycle where the 400 Hz reference line 910 1s used. Also, as
the PWM cycle increases used to control the secondary
stator windings, the synchronous reactance for each graph
begins to decrease.

While the present disclosure has been described in detail
in connection with only a limited number of embodiments,
it should be readily understood that the present disclosure 1s
not limited to such disclosed embodiments. Rather, the
present disclosure can be modified to incorporate any num-
ber of vanations, alterations, substitutions or equivalent
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arrangements not heretofore described, but which are com-
mensurate with the spirit and scope of the present disclosure.
Additionally, while various embodiments of the present
disclosure have been described, it 1s to be understood that

aspects of the present disclosure may include only some of 5

the described embodiments. Accordingly, the present dis-
closure 1s not to be seen as limited by the foregoing
description, but 1s only limited by the scope of the appended
claims.

What 1s claimed 1s:

1. A system for controlling aircraft variable frequency
generator VEG over voltage under fault or load-shed, the
system comprising;:

a control unit for generating signals to maintain a terminal

output voltage and frequency; and

a variable frequency generator, coupled the control unit,

for generating the terminal output voltage, the variable
frequency generator comprising:

a stator comprising a set of primary stator windings and

a set of secondary stator windings for generating the
terminal output voltage; and

a switch coupled to the set of secondary stator windings,

the switch 1s configured to operate at a threshold
frequency of the VFG to regulate the terminal output
voltage by supplementing the terminal output voltage
produced by the set of primary stator windings reduc-
ing the VFG fault over-voltage, wherein, responsive to
detecting a fault, operating the switch to prevent a
supply of current to the set of secondary windings and
maintaining the terminal output voltage using the set of
primary windings.

2. The system of claim 1, wherein each secondary stator
winding 1s coupled to and controlled by imndividual switches.

3. The system of claim 1, wherein each secondary stator
winding 1s coupled to and controlled by a single common
switch.

4. The system of claam 1, wherein the switch 1s a
pulse-width modulated PWM controlled switch.

5. The system of claim 1, wherein the control unit 1s a
generator control unit for controlling the set of primary
stator windings and the switch coupled to the set of second-
ary stator windings.

6. The system of claim 1, wherein the set of secondary
stator windings comprises a wire gauge or number of strands
in hand different than that used 1n the primary stator wind-
ings, and the secondary stator windings comprises a diflerent
number of turns than the primary stator windings.

7. The system of claim 1, further comprising operating the
VFG above a configurable threshold frequency, the set of
secondary stator windings supplement the set of primary
stator windings by reducing an amount of exciter current
supplied to the set of primary stator windings and 1ncreasing
the amount of exciter current supplied to the set of secondary
stator windings while maintaiming the terminal output volt-
age.

8. The system of claim 1, wherein the terminal output
voltage 1s regulated by adjusting the PWM duty cycle of the
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switch controlling the set of secondary stator windings,
wherein the adjustment of the PWM duty cycle 1s based on
the frequency of the VFG.

9. A method for controlling aircrait variable frequency
generator VEG over voltage under fault or load-shed, the
method comprising:

generating signals, by a control unit, to maintain a termi-
nal output voltage and frequency of the VFG;

generating, by the VFG, the terminal output voltage, the
VFG comprising a stator comprising a set of primary
stator windings and a set of secondary stator windings
for generating the terminal output voltage; and

operating a switch coupled to the set of secondary stator
windings, the switch being configured to operate at a
threshold frequency of the VFG to regulate the terminal
output voltage by supplementing the terminal output
voltage produced by the set of primary stator windings
reducing the VFG fault over-voltage, wherein, respon-
sive to detecting a fault, operating the switch to prevent
a supply of current to the set of secondary windings and
maintaining the terminal output voltage using the set of
primary windings.

10. The method of claim 9, wherein each secondary stator
winding 1s coupled to and controlled by individual switches.

11. The method of claim 9, wherein each secondary stator
winding 1s coupled to and controlled by a single common
switch.

12. The method of claim 9, wherein the switch 1s a
pulse-width modulated PWM controlled switch.

13. The method of claim 9, wherein the control unit 1s a
generator control unit for controlling the set of primary
stator windings and the switch coupled to the set of second-
ary stator windings.

14. The method of claim 9, wherein the set of secondary
stator windings comprises a wire gauge or number of strands
in hand different than that used 1n the primary stator wind-
ings, and the secondary stator windings comprises a difierent
han the primary stator windings.

number of turns t

15. The method of claim 9, further comprising operating
the VFG above a configurable threshold frequency, the set of
secondary stator windings supplement the set of primary
stator windings by reducing an amount of exciter current
supplied to the set of primary stator windings and 1ncreasing
the amount of exciter current supplied to the set of secondary
stator windings while maintaiming the terminal output volt-
age.

16. The method of claim 9, wherein the terminal output
voltage 1s regulated by adjusting the PWM duty cycle of the
switch controlling the set of secondary stator windings,
wherein the adjustment of the PWM duty cycle 1s based on
the frequency of the VFG.
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